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Abstract
Background  Limonium Mill., a genus belonging to the family Plumbaginaceae, is mainly distributed along the 
Mediterranean coast of Eurasia. It is known for its rich species diversity and remarkable morphological variation, 
encompassing both herbaceous and semi-shrub forms. Some species of Limonium have medicinal, economic, and 
ornamental value in China. However, their genomic and phylogenetic relationships remain unclear. In this study, 
we sequenced and assembled complete chloroplast genomes of eight Limonium species to address this issue. We 
conducted comparative and phylogenetic analyses to investigate the genetic structural characteristics and clarify the 
taxonomic status of 12 Limonium species.

Results  The newly obtained circular chloroplast genomes of the eight Limonium species had a quadripartite 
structure and ranged from 154,545 to 154,960 bp in length. All species contained 128 genes, including 83 protein-
coding genes, 37 tRNA genes, and 8 rRNA genes. Despite minor variations in the inverted repeat (IR) boundary 
regions, the overall genome structure and gene content remained relatively conserved. The rpl16 gene lost its intron 
and the rpl23gene underwent pseudogenization. We identified 55–73 SSRs repeat sequences and three nucleotide 
diversity regions that will be used for population genetics and molecular phylogenetic studies of the Limonium genus. 
The robust phylogenetic tree suggests that species belonging to these sections in Xinjiang, China, have accumulated 
substantial genetic divergence over long-term evolution, resulting in stable phylogenetic relationships.

Conclusion  The complete chloroplast genomes of Limonium increase our understanding of the genetic diversity and 
evolution of Limonium species and further aid in the exploration and utilization of Limonium plants.
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Background
 Limonium L., a member of the Plumbaginaceae family, 
is among the largest genera worldwide and comprises 
nearly 600 species [1, 2]. Approximately 22 species of 
Limonium have been identified in China, primarily in 
Xinjiang [3]. These plants predominantly thrive in soils 
that are both saline and rich in metals across various 
regions, including the mainland and coastal areas [4]. 
They are recognized as pioneering species in the saline 
soils of China, Russia, and Mongolia. A case in point is 
L. bicolor, which serves as a model recretohalophyte [5]. 
It thrives and can complete its life cycle in highly saline 
soils because of salt glands on its epidermis [6] and a 
thick cuticle, which reduces water evaporation [7]. Its salt 
and drought tolerance enables it to maintain ecological 
balance in ecosystems affected by environmental stress, 
thereby contributing to the sustainable development of 
regional ecology. Beyond their ecological significance, 
Limonium species hold considerable medicinal and eco-
nomic value. It is a source of bioactive compounds used 
extensively in traditional and contemporary medicine [8]. 
They exhibit potential anti-metastatic properties, coun-
teract melanin activity, inhibit cell proliferation path-
ways, and possess antioxidant and immunomodulatory 
effects [9–12]. They are considered potential sources of 
anti-HIV-1 drugs [13]. Furthermore, Limonium, with its 
persistent calyx, is widely used as a dried flower and is 
also widely used in flower bouquets because of its color-
ful colors [14, 15].

The taxonomy and phylogenetic relationships within 
Limonium are notoriously complex. Although many 
new species of Limonium have been discovered in the 
Mediterranean region over the past half-century [1, 
2], the diversity in reproductive mechanisms, includ-
ing sexual reproduction and apomixis, and with hybrid-
ization and the rise of polyploidy, have complicated the 
clear delimitation of many Limonium species [4, 16–19]. 
Malekmohammadi et al. [20] addressed the phylogenetic 
relationships within Limonium, focusing on 76 species, 
using the nuclear internal transcribed spacer (ITS) region 
and several chloroplast DNA datasets. Their study iden-
tified two well-supported clades corresponding to the 
subgenera Limonium and Pteroclados (Boiss.) Pignatti, 
corroborating earlier findings by Lledó et al. [21, 22]. 
Koutroumpa et al. [1] conducted a comprehensive phy-
logenetic analysis of the Plumbaginaceae family, includ-
ing 23 genera, with a particular focus on Limonium. They 
affirmed the majority of prior molecular phylogenetic 
findings and prompted the introduction of novel sec-
tions, as well as revisions to existing classifications. To 
date, the most comprehensive phylogenetic relationship 
analysis within Limonium has encompassed 214 species 
worldwide; however, various subclades and infrageneric 
relationships exhibit weak support [23]. The scarcity of 

genomic resource information hinders a clear under-
standing of their evolutionary history. Therefore, delv-
ing deeper into Limonium using a more holistic genomic 
approach, including chloroplast genome analysis, is 
highly pertinent and could significantly enhance our 
understanding of this domain.

The chloroplast genome has emerged as a cornerstone 
for plant evolutionary and phylogenetic studies. It’s gen-
erally conserved structure, coupled with variable regions, 
provides valuable insights into relationships among spe-
cies [24]. Typically ranging in size from 120 to 160 kilo-
base pairs (kb), the chloroplast genome is independently 
inherited and offers a rich source of genetic informa-
tion for phylogenetics and DNA barcode development 
[25–27]. Scholars have increasingly favored the use of 
chloroplast genomes to address issues related to species 
identification, phylogenetic relationships among differ-
ent species, systematics, and evolution, and to identify 
polyploidy events of genera [28–31]. While chloroplast 
genomic sequences for a few Limonium species are avail-
able [32–35]. However, our understanding of the genetic 
content and structural diversity within this genus remains 
somewhat constrained. Moreover, studying the chlo-
roplast genome is beneficial for developing chloroplast 
genomic resources in Limonium, elucidating the phylo-
genetic relationships among different species within the 
genus and identifying potential DNA markers that are 
crucial for future research on population genetics or the 
phylogeography of this genus.

In the present study, eight Limonium species were 
chosen to represent key taxonomic sections within the 
genus found in China, including species with ecologi-
cal importance, medicinal value (e.g., L. aureum and L. 
gmelinii) and pharmacological studies remain essentially 
nonexistent (e.g., L. chrysocomum and L. suffruticosum). 
Moreover, some of these species have not been recorded 
elsewhere in China, except for sporadic occurrences in 
disparate habitats of northern and southern Xinjiang, 
China. The widespread species, endemic species to the 
region, and species with narrow distribution areas collec-
tively encompass most of the morphological and ecologi-
cal diversity of the genus in China. Therefore, we chose 
to elucidate the chloroplast genome characteristics of 
these species in order to understand that their genetic 
resources are crucial for guiding future conservation, 
evolution and potential utilization studies. We sequenced 
and assembled the complete chloroplast genomes of 
these species. Using bioinformatics, we conducted com-
parative genomic and phylogenetic analyses of the com-
plete chloroplast genomes across 12 Limonium taxa. Our 
aims were to (1) analyze complete chloroplast genomic 
features in Limonium, (2) identify highly variable regions 
that could serve as molecular markers and potentially 
specific barcodes for Limonium, and (3) provide insights 
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into the phylogenetic relationships among Limonium 
species. The findings of this study are expected to bol-
ster ongoing studies on species identification, population 
genetics, phylogenetics, and the evolution of complete 
chloroplast genomes within Limonium. Additionally, this 
study provides a theoretical foundation for conserving 
Limonium species.

Results
Sequencing, Chloroplast genome structure, and 
characteristics
Chloroplast genomes length ranged from 154,545 to 
154,960 bp in the eight Limonium species. These chlo-
roplast genomes were composed of a large single-copy 
region (LSC) between 84,427 and 84,651 bp, a small 
single-copy (SSC) region between 12,980 and 13,160 bp, 
and two inverted repeat (IR) regions spanning 28,535 to 
28,623 bp (Fig. 1). A total of 128 genes were annotated, 
including 16 duplicates and 112 unique genes. The 112 
unique genes comprised 78 protein-coding genes, 4 ribo-
somal RNA (rRNA) genes, and 30 transfer RNA (tRNA) 
genes. Among the 112 unique genes, 11 protein-coding 
genes and 5 tRNA genes had a single intron, whereas 2 
genes contained two introns (Table S1). The intron of 
rpl16 was lost, and rpl23 was prematurely interrupted 
by internal stop codons. The overall guanine-cytosine 
(GC) content varied from 36.9% to 37.1%, with GC con-
tents between 35.2% and 35.4% in LSC and from 31.2% to 
33.6% in SSC. The GC content was relatively high in the 
IR region, ranging from 40.8% to 42.8%, surpassing that 
in the LSC and SSC regions (Table 1).

Comparative chloroplast genomic analysis
Comparative genomic analysis indicated a relatively 
high conservation among the 12 Limonium chloro-
plast genomic sequences (Fig. 2A). Most protein-coding 
regions were notably conserved, and rRNA genes dis-
played minimal divergence across species. Surprisingly, 
L. tenellum underwent massive variation from 104 kb to 
116 kb.

The nucleotide diversity (Pi) values ranged from 0 
to 0.04124, with the trnQ-UUG-psbK interval show-
ing maximum diversity at 0.04321. The average Pi val-
ues observed in the IR regions were lower than those in 
the SSC and LSC regions (Fig. 2B), indicating that the 
IR regions were more conserved than the single-copy 
regions (SC). We identified three regions with high vari-
ability (Pi > 0.04) in the SC: trnQ-UUG-psbK, rpl32-trnL-
UAG, and rps16-trnQ-UUG (Fig. 2B).

A comparison of the 12 chloroplast genomes revealed 
minor variations in the IR region boundaries (Fig. 2C). 
The IRb/LSC junction of Limonium species was iden-
tified by the presence of the rpl2 gene, which varied 
slightly in size between 1439 bp and 1440 bp within the 

LSC region. The gene also extended into the IRb region 
by 10–120 bp. The IRb/SSC junction was defined by the 
ndhF gene, which extended into the IRb by 2,177 bp or 
2,171 bp. In L. tenellum, this junction displayed the com-
ponents rrn4 (IR) and trnR-ACG (SSC), likely due to 
assembly errors. At the IRa/SSC, the rps15 gene, which 
is fully located in the IRa region, experienced a slight 
reduction of 3 bp. The trnH genes were enlarged from the 
LSC region into the IRa region with an increase of 2–4 
bp. L. tenellum had a single copy, with the ycf1 gene span-
ning 5,298 bp, and the IR region was enlarged to include 
this gene, whereas all other species possessed two copies 
of the ycf1 gene (Fig. 2C).

Repeat sequences and codon usage bias analysis
A significant variation in the quantity of simple sequence 
repeats (SSRs) was observed within the chloroplast 
genomes of 12 Limonium species in repetitive sequence 
analysis, with counts varying from 55 in L. tenellum to 
73 in L. suffruticosum. Among these SSRs, 457 A/T bp 
accounted for the highest proportion (59.82%), whereas 
C and G nucleotides had the lowest proportion at 2.62%. 
Notably, SSRs showed diverse nucleotide variations, 
with di-, tri-, tetra-, penta-, and hexanucleotide repeats 
accounting for 18.46%, 7.75%, 10.34%, 0.78%, and 0.26% 
of the total repeats, respectively (Fig. 3A). Most SSRs 
were distributed in LSC (Fig. 3B).

In dispersed repeat detection, 818 forward, 820 pal-
indromic, 11 reverse, and 12 complementary repeats 
were found, totaling 1661. Among these, eight displayed 
reverse repeats, and eight displayed complementary 
repeats. L. chrysocomum had the most reverse repeats, 
L. tenellum had the most complementary repeats, and 
L. tetragonum lacked both repeats. (Fig. 3C). The vast 
majority of these repeats were between 30 and 39 bp, 
constituting 56.03% of the total repeats. Less than 15.04% 
of the repeats were 50 bp or longer, with L. tenellum hav-
ing the highest number (38) of such long repeats. In addi-
tion, 571 tandem repeat sequences were identified in 12 
Limonium species. The average number of tandem repeat 
patterns for each chloroplast genome was 47.58 ± 1.37, 
ranging from 39 to 54 (Fig. 3C).

Analysis of relative synonymous codon usage (RSCU) 
across the 12 Limonium species showed consistency 
among the different species, except for a lack of glycine 
(Gly) in L. bicolor (Fig. 3D). Leucine (Leu) is the most fre-
quently used amino acid (27,350), followed by cysteine 
(Cys) (2,721). The chloroplast genomes of Limonium spe-
cies contained 64 codons for 20 amino acids. Leucine had 
the highest number of codons and the lowest number of 
codons. A total of 30 codons displayed an RSCU value >1, 
with 29 ending in A/U, and 32 codons had an RSCU value 
≥ 1, with 29 ending in G/C. This indicated a preference 
for A/U-ending codons over G/C-ending codons. The 
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highest and lowest RSCU values were observed for UUA 
and CUC, respectively, both of which encode leucine. 
The effective number of codons (ENC) generally varied 
between 20 and 61, with lower ENC values signifying a 
more pronounced preference for codon usage as opposed 
to a random selection [36, 37]. Our results revealed an 
ENC range of 48.95 (L. kaschgaricum, L. chrysocomum) 
to 49.12 (L. otolepis, L. myrianthum) across the 12 Limo-
nium chloroplast genomes, with an average of 49.01.

Phylogenetic analysis
Based on the chloroplast genomic data of the 12 spe-
cies, we generated two phylogenetic trees using Bayes-
ian inference (BI) and maximum likelihood (ML) 
approaches. The topologies of the two trees displayed 
similarities (Fig. 4; Fig S1). The two resulting phylogenetic 
trees showed that L. suffruticosum and L. gmelinii were 
separate from the other ten Limonium species. Almost 
all the nodes received powerful support (PP/BS = 1/100). 

Fig. 1  Chloroplast genomic map of Limonium species. Genes inside the circle are transcribed clockwise, whereas those outside are transcribed counter-
clockwise. The dark and light gray area in the inner circle corresponds to the GC content and AT content, respectively
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The 12 species of Limonium were classified into three 
sections: Sect. Sarcophyllum, Sect. Limonium and Sect. 
Platyhymenium. Within this phylogenomic framework, 
representatives of Sect. Platyhymenium formed a well-
supported monophyletic cluster (BS = 100), with L. chrys-
ocomum being a sister to L. leptolobum (BS = 100), L. 
tetragonum to L. franchetii, and L. kaschgaricum and L. 
tenellum identified as sequential sister taxa (BS = 100) to 
the clade comprising L. chrysocomum and L. leptolobum. 
In the Sect. Limonium, L. myrianthum and L. otolepis are 
sister branches, whereas L. gmelinii and L. suffruticosum 
belong to Sect. Sarcophyllum are sister branches that 
formed a monophyletic group (BS = 100).

Discussion
We sequenced eight Limonium species in the present 
study. These chloroplast genomes maintained a con-
sistent size and structure, measuring between 154,545 
and 154,960 bp. Little variation has been observed in 
the IR and SSC regions, yet these evolutionary changes 
can influence chloroplast genomes sizes [38–40]. Previ-
ous studies have shown that IR expansion in Plumbagi-
naceae, which typically accommodates the ycf1 gene, 
is absent in Limonium [31]. However, our results indi-
cated that the IR has been expanded to include ycf1 in 
all Limonium chloroplast genomes, with the exception 
of L. tenellum, which is consistent with the conclusions 
of Darshetkar et al. [35]. The annotation provided for L. 
tenellum (MK397871) shows a single copy of ycf1 gene. 
Our re-annotation yielded resulted consistent with other 
Limonium, revealing that ycf1 gene had two copies in L. 
tenellum. In terms of genome size, L. tenellum is only 
about 150 kb, about 4 kb less than most Limonium spe-
cies. What’s more, L. tenellum underwent massive varia-
tion from 104 kb to 116 kb. Therefore, L. tenellum could 
be attributed to assembly and annotation errors [35].

The loss of introns is often associated with genome 
simplification and adaptive evolution and is generally 
thought to involve a reverse-transcriptase-mediated 
mechanism [41]. Our study identified the loss of the rpl16 
intron in all eight sequenced Limonium species. While 
this finding is consistent with previous reports in three 
genera of Plumbaginaceae, including Limonium [35, 42–
44], merely confirming its occurrence. The ubiquitous 
absence of this intron across the sampled species strongly 
suggests that the loss event was not random but occurred 
once in a common ancestor of the studied Limonium lin-
eage. This makes the rpl16 intron loss a potential shared 
derived trait for this group, providing a valuable molecu-
lar character for defining this clade within the genus [42]. 
The loss of introns in the rpl16 gene may represent a neu-
tral evolutionary event achieved through reverse tran-
scription mechanisms, possessing phylogenetic marker 
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value. It may also confer a slight selective advantage in 
specific contexts by reducing splicing burden [45].

The rpl23 gene encodes a ribosomal protein, and its 
functional transfer to the nucleus followed by inactiva-
tion of the chloroplast copy is a well-documented phe-
nomenon in plant evolution [26, 32, 46–49]. In this study, 
the rpl23 gene was interrupted by encountering a stop 
codon in advance, which might have undergone pseudo-
genization. In Caryophyllales, pseudogenization of the 
rpl23 gene was widespread with at least 11 independent 
losses [32]. Additionally, rpl23 is interrupted by internal 
stop codons in the family Polygonaceae, a sister family of 
Plumbaginaceae, indicating its pseudogene status [46]. 
Our results further validated these previous findings. 
We proposed that the functional rpl23 gene might have 
been relocated to the nucleus because this phenomenon 
is not uncommon, as numerous plastid genes in flower-
ing plants are known to have experienced such a transfer 
[26, 47, 48], and the same results were predicted in the 
members of Plumbaginaceae [32]. The pseudogenization 
of rpl23 likely represents a case of functional redundancy 
elimination and genomic optimization [49]. Once a func-
tional, nuclear-encoded copy of rpl23 was established 
and the protein product could be successfully imported 
back into the chloroplast, the maintenance of the original 
chloroplast copy became superfluous. Mutations accu-
mulating in the chloroplast rpl23 would then be neutral 

in effect, leading to its pseudogenization [50, 51]. This 
process relaxes the evolutionary constraints on the chlo-
roplast copy, allowing it to evolve at a faster rate. There-
fore, the pseudogenized rpl23 in Limonium is not merely 
a broken gene but is a marker of a completed evolution-
ary transition. This characteristic could be exploited in 
future phylogenetic studies, as its presence or absence 
and its specific mutation patterns might provide valuable 
synapomorphic signals for resolving relationships at spe-
cific taxonomic levels within Plumbaginaceae [50, 51].

Repetitive sequences within chloroplast genomes play 
a vital role in genome rearrangement and genetic diver-
sity [52]. In the present study, we identified 1,661 repeat 
sequences, with regions containing these repeats serv-
ing as significant hotspots for genomic reconfiguration. 
These sequences offer valuable insights into the evolu-
tionary history and genetic divergence of plant species 
[53–55]. Additionally, they might yield a wealth of data 
for population genetics and phylogenetic analyses [53, 56, 
57]. Of the SSRs, A/T bp represented the highest propor-
tion, whereas C and G nucleotides had the lowest. This 
pattern also is found in other medicinal plants such as 
Alpinia [58], Aconitum [59], and Scrophularia [60]. SSRs 
within the chloroplast genome are commonly employed 
as genetic markers in population and evolutionary stud-
ies [61–63].

Fig. 2  Comparative genomic analysis in chloroplast genomes of Limonium species. A Sequence alignment of the chloroplast genomes in 12 species. L. 
tetragonum (MW085088) was used as a reference. The y‐axis indicates the percent identity between 50% and 100%. The white peaks indicate the regions 
with sequence variation among Limonium. The purple, blue, pink and gray bars correspond to exons, untranslated regions, noncoding sequences and 
mRNAs, respectively. B Comparison of nucleotide variability of common genes in 11 species. Window length: 600 bp; step size: 200 bp. x‐axis: Range of 
sequence length; y‐axis: Pi value. C LSC, SSC and IR boundaries of the chloroplast genomes in 12 species. JLB: junction of LSC and IRb; JSB: junction of 
SSC and IRb; JSA: junction of SSC and IRa; JLA: junction of LSC and IRa. Boxes above and below the mainline indicate the adjacent border genes. The gaps 
between the genes and the boundaries are indicated by the base lengths
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DNA sequences from various organisms clearly dem-
onstrate that synonymous codons for a particular amino 
acid are not uniformly distributed, despite the fact that 
these codons should theoretically be used equally in 
terms of their impact on protein structure [64]. Over-
all, genomic GC content has been identified as the most 
influential factor affecting variation in codon usage 
among different species [65]. In the present study, the 
mean GC content of codons in the chloroplast genomes 
was 37.6%. The GC3 content ranged from 25.5% (L. 
gmelinii) to 25.7% (L. aureum, L. franchetii, L. myrian-
thum, L. otolepis, L. suffruticosum, L. tenellum, and L. 
tetragonum), all below 50%. Of the total codons, 30 had 
a RSCU value exceeding 1, with the exception of one, all 
ending in A/U, suggesting a bias towards A/U-ending 
codons in chloroplast genomes, which aligns with most 
studies on chloroplast genomes [60, 66–69].

The phylogenetic position of Limonium species studied 
using chloroplast genomes was consistent with previous 

studies based on chloroplast genomic fragments [1, 23]. 
Phylogenetic analysis showed that all Limonium species 
formed a large branch with strong support. L. suffruti-
cosum and L. gmelinii were separated from the other ten 
Limonium species. Eight Limonium spp. from Sect. Platy-
hymenium has a relatively larger calyx and longer tubular 
corolla; L. tenellum, L. franchetii, and L. kaschgaricum 
possess light purple-red corolla and the other five species 
have orange-yellow or yellow corolla. The species of Sect. 
Sarcophyllum and Sect. Limonium has a relatively small 
calyx and a short tubular corolla. Both possess corollas 
ranging from light purple to blue-purple.

The phylogenetic tree reveals that the different sections 
of Limonium examined in this study (Sect. Platythyme-
nium, Sect. Limonium, and Sect. Sarcophyllum) form 
well-resolved clades, with most nodes showing strong 
support (BS = 100). Regarding the phylogenetic place-
ment of these taxa, multiple species of Sect. Platythy-
menium constitute a highly supported monophyletic 

Fig. 3  Repeat sequences and codon usage bias analysis among 12 chloroplast genomes. A Numbers of SSRs detected. B SSRs locus distribution (includ-
ing LSC, SSC, IRa and IRb).C Frequencies of all repeat sequence. D Heatmap of relative synonymous codon usage (RSCU) values. The four gray squares 
represent the lack of corresponding codons (Glycine) in L. bicolor
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clade, consistent with previous findings that the genus 
can be divided into distinct subgenera and lineages [1]. 
This indicates that chloroplast genome data are effec-
tive in resolving phylogenetic relationships among spe-
cies within this section. Furthermore, Sect. Limonium 
and Sect. Sarcophyllum each form relatively indepen-
dent clades, supporting the view that different sections 
of Limonium have undergone distinct evolutionary tra-
jectories [20]. This suggests that species belonging to 
these sections in Xinjiang, China, have accumulated 
substantial genetic divergence over long-term evolution, 
resulting in stable phylogenetic relationships. In addi-
tion, outgroup taxa, including Acantholimon sp., Plum-
bago, and Ceratostigma, are clearly separated from the 
Limonium species. This observation validates previous 
conclusions regarding the delineation between Limonium 
and its related genera [18], confirming the reliability of 
the present phylogenetic analysis at the generic level. 
From a biogeographic perspective, Xinjiang (Northwest 
of China) is located at the eastern margin of the Central 
Asian–Irano–Turanian region. The branching patterns 
of the different Limonium sections in the phylogeny sug-
gest the presence of multiple evolutionary lineages in this 
region with historical connections to adjacent areas. It is 
plausible that the Limonium species in Xinjiang have a 

complex origin and dispersal history, with some lineages 
potentially sharing common ancestors with those from 
the Irano–Turanian or Mediterranean regions [1, 18, 20]. 
These lineages may have gradually diverged due to long-
term geographic isolation and environmental adaptation. 
Moreover, certain species in Sect. Platythymenium may 
have accumulated adaptive mutations in their chloro-
plast genomes in response to the arid and saline habitats 
specific to Xinjiang, China. This aligns with the proposal 
by Darshetkar et al. [35] that positively selected genes in 
the chloroplast genome may be associated with stress 
adaptation, implying that these species have undergone 
adaptive changes in chloroplast genes to enhance their 
survival in extreme environments.

Previous studies have reported chloroplast genomic 
data focused on a single (or four) Limonium species 
and positioned these species in close relation to those 
of the Plumbago genus [32, 34, 35, 58]. In this phylo-
genetic study, we included 12 species for the first time 
and conducted a comparative analysis of their chloro-
plast genomes. However, given the substantial diversity 
within the Limonium genus, which comprises approxi-
mately 600 species [1], the analysis of additional Limo-
nium chloroplast genomes could provide greater insight 
into intrageneric relationships and trait evolution. It has 

Fig. 4  Maximum Likelihood tree based on Limonium complete chloroplast genomic sequences. Six species were selected as outgroups from other gen-
era of the Plumbaginaceae. The yellow section represents Sect. Platyhymenium, the blue section represents Sect. Limonium, the purple section represents 
Sect. Sarcophyllum, and the red section represents the outgroups. The node numbers indicate maximum likelihood bootstrap support values. Representa-
tive plants of Limonium and Plumbaginaceae are shown on the right: 1 L. franchetii (image courtesy of Hong Zhao), 2 L. bicolor, 3 L. aureum, 4 L. chrysoco-
mum, 5 L. leptolobum, 6 L. kascghgaricum, 7L. myrianthum, 8 L. otolepis, 9 L. gmelinii, 10 L. suffruticosum, 11 Acantholimon sp.12 P. anriculata 13 P. zeylanic 14 C. 
willmottianum; 3 and 6-8 photos by Aiqin Zhang; 4, 5, 9 and 10 photos by Fangfang Jiao; the photo of other plants is from ​h​t​t​p​s​:​​​/​​/​p​o​w​​o​​.​s​c​i​e​n​c​​e​.​k​​e​w​.​o​r​g​/
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been reported that nuclear-chloroplast conflicts exist in 
Mediterranean lineages [1], but broader sampling is still 
required to determine evolutionary patterns between 
nuclei and chloroplasts in the Asian-Iranian-Turanian 
region.

Conclusions
The newly assembled complete chloroplast genomes of 
the eight Limonium species exhibited a relatively con-
served chloroplast genomic structure consisting of 78 
protein-coding genes, 30 tRNA genes, and four rRNA 
genes. The rpl16 intron was lost and the rpl23 gene 
underwent pseudogenization. A comparative analysis 
revealed a minor expansion in the IR regions of the com-
plete chloroplast genomes, which may have implications 
for genome stability and evolution in Limonium species. 
We identified 55–73 SSRs that provide valuable DNA 
markers for population genetics and molecular phyloge-
netic studies. High nucleotide diversity was detected in 
three regions: rps16-trnQ-UUG, rpl32-trnL-UAG, and 
rps16-trnQ-UUG, suggesting their potential utility as 
DNA barcodes for identifying species within the genus. 
Comparative genomic analysis revealed a preference for 
A/U-ending codons in the examined species. The results 
of the phylogenetic tree support that species belonging 
to these sections in Xinjiang, China, have accumulated 
substantial genetic divergence over long-term evolution, 
resulting in stable phylogenetic relationships. These find-
ings will facilitate further investigation of the taxonomy, 
phylogenetic evolution, and exploration and utilization of 
Limonium genus.

Methods
Taxon sampling, DNA extraction, and sequencing
We collected samples from eight Limonium species. 
All identifications of the specimens were verified by the 
authors. The collected materials were dried using silica 
gel, and the voucher specimens have been deposited in 
Xinjiang University Herbarium; detailed sample data and 
distribution are provided (Fig S2; Table S2).

Genomic DNA was extracted from moderately dried 
tissues using a modified Cetyltrimethylammonium Bro-
mide (CTAB) method [70]. Genomic DNA was sheared 
to an average size of 350 base pairs (bp) by Covaris soni-
cation. The resulting fragments underwent end polish-
ing and addition of an A-tail and were equipped with 
full-length adapters suitable for Illumina sequencing, 
followed by PCR amplification. The PCR products were 
purified using the AMPure XP system (Beverly, MA, 
USA). The quality of the sequencing libraries was evalu-
ated on an Agilent 5400 system (Agilent, USA), and 
their quantity was determined as 1.5 nM using qPCR. 
Qualified libraries were consolidated and subjected to 
sequencing on Illumina platforms employing the PE150 

strategy at Novogene Bioinformatics Technology Co., 
Ltd. (Beijing, China). In addition, we downloaded the 
complete chloroplast sequences of the four species from 
the NCBI database for comparative genomic analy-
sis with the following accession numbers: OR374019, 
MW085088, MW085089, and NC_041279.

Chloroplast genomes assembly and annotation
Chloroplast genomes were assembled in GetOrganelle 
v1.7.7.0 [71] using default parameters. A comparison 
of the two assembled sequences were conducted using 
Gepard v1.40, and the sequence that aligned in the same 
direction as the SSC region in the reference sequence was 
selected [72]. Subsequently, the assembled sequences 
were annotated using CPGview [73] and the Geseq plat-
form [74], using L. tetragonum (MW085088), as refer-
ences. The annotation results were checked and manually 
adjusted using Geneious Prime 2024.05 [75]. The chloro-
plast genome map was visualized using the Geseq plat-
form [74]. The complete chloroplast genomes of the eight 
Limonium species were submitted to GenBank (Table 
S2).

Comparative Chloroplast genomic analysis
We compared the chloroplast genomes across all pub-
lished Limonium species using the online genome com-
parison tool mVISTA [76], except for L. sinense owing to 
ambiguities observed in the assembly. Subsequently, pro-
tein-coding genes (PCGs) from the chloroplast genomes 
were extracted using Geneious Prime and aligned using 
MAFFT v7.505 [77, 78]. Nucleotide diversity analysis 
was performed using DnaSP v6.0 [79]. Finally, we used 
IRscope to detect expansions or contractions in the IR 
regions.

Repeat sequences and codon usage bias analysis
We identified dispersed, simple, and tandem repeat 
sequences within the chloroplast genomes of 12 Limo-
nium species. Dispersed repeats were identified using 
the REPuter online tool [80], which included forward, 
reverse, palindromic, and complementary repeats, were 
identified using the REPuter online tool. The parameters 
used were a Hamming distance of 3, a minimum repeat 
size of 30 bp, and a maximum repeat count of 5,000. SSRs 
were predicted using the online tool MISA [81]. Tandem 
repeats were identified using Tandem Repeats Finder 
with the default settings.

RSCU and GC content at the third position (GC3) were 
calculated using CodonW v1.4.2 and the results were 
visualized in RStudio 2023.12.0 + 369 using the pheat-
map package [82].
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Phylogenetic analysis
We used chloroplast genomes to construct ML and BI 
trees to determine the phylogenetic relationships within 
the 12 species with Ceratostigma willmottianum, C. 
griffithii, C. minus, Plumbago auriculate, P. zeylanica, and 
Acantholiton sp. were selected as outgroups. All chlo-
roplast genomic sequences were aligned using MAFFT 
v7.490 default parameter. Subsequently, Trimal v1.2rev57 
(-gt 0.2 -st 0.001 -cons 85) software was employed to trim 
these aligned sequences to obtain a supermatrix [83]. The 
ML tree was determined using IQ-tree v2.2.0 (-m MFP) 
based on the best fit model GTR + F + R5 [84], with the 
bootstrap (BS) parameter set to 1000. BI tree was con-
structed using BI in MrBayes v3.2.7a based on the best fit 
model GTR + F + I + G4 [85], implementing a partition 
model that involved two simultaneous runs and a total of 
2,000,000 generations, with the first 25% of the samples 
set aside as burn-in to account for initial instability in 
Markov chain Monte Carlo (MCMC) simulations.
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